Recently we have found that activation of the (Na MOL 52597
(Na + +K + )-ATPase (NKA), a key sarcolemmal membrane enzyme, regulates intracellular ion homeostasis by controlling sodium/potassium active transport in animal cells (Holmgren et al., 2000; Kyte, 1981; Shull et al., 1985; Skou, 1988 to the reverse mode (Adams et al., 1982; Allen et al., 1985; Altamirano et al., 2006; Bers, 2002; Smith, 1988) . However, little is known about functional role of activation of NKA in intracellular Ca 2+ signaling.
We have recently identified an activation site that resides within the H7-H8 domain of α-subunit of NKA and is distinct from the inhibitory cardiotonic steroids binding site (Xu, 2005) . The turnover rate of NKA is significantly augmented when specific NKA activator, SSA412 antibody, binds to the activation site of the enzyme (Xu, 2005) . We have further demonstrated that activation of NKA by SSA412 increases myocyte Ca 2+ transient in vitro and augments mouse heart contraction in vivo, a finding naively at odds with the classic understanding of how NKA affects Ca 2+ signaling in the heart, without affecting intracellular [Na + ] (Xu, 2005; Xu et al., 2006) . Search for the new mechanism underlying the activation of NKA-initiated Ca 2+ signaling is the purpose of the current investigation.
MATERIALS AND METHODS

Materials.
General reagents were purchased from Sigma Chemical unless otherwise specified. The NKA activator, affinity purified polyclonal antibody SSA412 was generated in New Zealand white rabbits against the extracellular 897 DVEDSYGQQWTYEQR 911 region of the rat α-subunit of NKA. Anti-Src (Yang et al., 2005) . Anti-Cav1.2a antibody was from Chemicon. Inhibitors
This article has not been copyedited and formatted. The final version may differ from this version. Rat heart cell lysates and SSA412 immunoprecipitates were prepared as described (Xu, 2005) . For Src and Erk1/2 activation, freshly isolated rat cardiac myocytes were incubated with or without 2 μM SSA412 in the presence or absence of PP1 for 60 min at room temperature. Samples were then suspended in 2X electrophoresis sample buffer (BioRad), boiled for 5 min, and loaded on 7 or 10% SDS gels. The proteins were subsequently transferred from the SDS gel to a nitrocellulose membrane using an electroblotting apparatus. separately overnight. The membrane was then incubated with alkaline phosphatase conjugated secondary antibody (1:7500) for 1 hour and washed 3 times for 5 min each with TBS, 0.05% Tween-20, and once for 5 min with TBS. The color was developed using a reagent containing a mixture of NBT and BCIP (Promega Corporation, WI) for visual analysis.
Isolation of cardiac myocytes. Rat ventricular myocytes were isolated as previously described (Hall et al., 2006) , and experiments were carried out according to the guidelines of the University of Maryland School of Medicine animal welfare committees. Briefly, adult male rats were anaesthetized with pentobarbital sodium (50 mg kg -1 I.P. Cell lysates (20 µl) were taken for protein concentration analyses. The samples were denatured in boiling water for 5 min and then centrifuged at 10,000 g for 10 min. Supernatant of different samples (50 µl each) were assayed using a cAMP-3 H assay kit (Amersham, Arlington Heights, IL). Protein concentration was measured by Bradford method (Bio-Rad, Richmond, CA) with bovine serum albumin as standard (Xiao et al., 2006) .
Determination of NKA activity. The ATPase assay procedure is a modification of the method of Kyte (Kyte, 1971) as described previously (Xu, 2005) . The enzymatic activity is defined as the strophanthidinor ouabain-sensitive hydrolysis of MgATP in the presence of 120 mM Na + and 20 mM K + with or without signaling protein inhibitor PP1 or PD98059. The reaction was initiated by adding MgATP, and stopped by adding 0.75 ml quench solution (0.5% ammonium molybdate + 0.5 M H 2 SO 4 ) and 0.02 ml developer (25 mg/ml of the mixture of 0.2g 1-amino-2-naphthol-4-sulfonic acid + 1.2 g sodium bisulfate + 1.2 g sodium sulfite) following 30 min incubation. The color was allowed to develop for 30 min at room temperature, and the phosphate was then determined at 700 nm using a spectrophotometer. whether LTCC is functionally linked to and regulated by the activation of NKA using the whole cell "patch-clamp" technique. Specific binding of the activator SSA412 (1 μM) to NKA on the surface of isolated rat cardiomyocytes resulted in an increase of the LTCC peak currents (I Ca ) which remained steady for at least 15 min with a time-to-half maximal response of 2.4 ± 0.4 min (Fig. 1A) . Individual I Ca traces (test pulse 0 mV), recorded prior to and 7 min after adding SSA412 antibody, showed a significant increase in the peak current and prolongation of the time course of inactivation ( Fig. 1B ). On average, SSA412-induced increase in I Ca was 1.6 ± 0.1-fold over baseline (n = 8 myocytes, p <0.004, Fig. 1E ).
Statistics-Data
Inactivation of I Ca as measured by the time constant (τ) of the decline of current after the peak and by the full duration at half maximum (FDHM) of the current transient, was significantly increased by exposure to SSA412 (τ: Control 54.7 ± 7.5 ms; SSA412 89.9 ± 14.5 ms, p < 0.05; FDHM: Control 43.4 ± 6.5 ms, SSA412 92.9 ± 11.7 ms, p < 0.05). Binding of SSA412 to NKA enhanced I Ca at all voltages with a slight rightward shift of the current-voltage relationship (Fig. 1C) . In contrast, heat-denatured SSA412 caused no increase in I Ca (Fig. 1D ). No changes of LTCC current was detected when synthetic peptides were used to adsorb out the SSA412 activity (data not shown).
Cardiac LTCC is hetero-multimers comprised of distinct α 1 , β, and α 2 δ subunits. To validate whether SSA412 interacts directly with LTCC subunits, we performed immunoprecipitation followed by Western blot analysis (Fig. 1F & G) . In whole cell lysate, SSA412 specifically recognized the α-subunit of NKA ( Fig. 1F -a) and only AB5412 interacted with the α 1 -subunit of LTCC ( Fig. 1F-b) . The α-subunit of NKA was immunoprecipitated by SSA412 ( Fig. 1F-c ), whereas the α 1 -subunit of LTCC was not detected under the same experimental conditions ( Fig. 1F-d ). These data demonstrate that SSA412 does not crossThis article has not been copyedited and formatted. The final version may differ from this version. (Berridge, 1993; Bers, 2002; Bers and Perez-Reyes, 1999; Cheng et al., 1993; Clapham, 1995) . Using confocal line-scan imaging of fluo-4 fluorescence in conjunction with elevated EGTA to buffer free Ca 2+ , we were able to steadily monitor intracellular Ca 2+ in rat ventricular myocytes. SSA412 antibody exposure resulted in an increase in intracellular Ca 2+ transients in addition to the augmentation of the simultaneously recorded I Ca ( Fig. 2A & B). Fig. 2D -F show the individual I Ca , fluo-4 Ca 2+ transients, and confocal line-scan images prior to and 10 min after exposure to 1 μM SSA412. On average, the Ca 2+ transient amplitude was increased by 2.0 ± 0.21-fold (n= 4 cells, p< 0.003). These data suggest that activation of NKA increases Ca 2+ influx through LTCC and results in SR Ca 2+ release via Ca 2+ -induced Ca 2+ release (CICR) mechanism. Ryanodine (10 μM) eliminated SR Ca 2+ release but had no effect on the SSA412-induced increase in peak I Ca (Fig. 2C ).
This result suggests that increased I Ca is not caused by SR Ca 2+ release, but a specific effect of activation of NKA on LTCC function in the CICR mechanism.
Enhanced LTCC Activity by Activation of NKA is independent of AR/cAMP/PKA pathway or CaM/CaMKII Positive Feedback Regulation. We have previously demonstrated that activator SSA412 specifically binds to and interacts with the activation site of NKA, and does not cross-react with other proteins (Xu, 2005) . reported that NKA is a signaling transducer (Xie and Askari, 2002 (Zhang et al., 2005) plus βAR antagonist propranolol (Sozzani et al., 1992) (7 μM each) do not affect the activation of NKA-induced positive inotropy in rat myocytes, while the inhibitors fully prevented the action of a β-AR agonist isoproterenol (Fig. 3A) . In cardiac muscle, cAMP plays a key role in regulating both electrical and mechanical activities through the activation of the cAMP-dependent PKA (Gao et al., 1997) . With respect to the downstream signaling events, we found that activation of NKA by SSA412 has no effect on cAMP formation in rat cardiac myocytes (Fig. 3B ),
indicating that cAMP is not involved in the NKA-dependent activation of LTCC. Moreover, a PKA inhibitor H89 (Mueller et al., 2006 ) had no effect on the enhancement of I Ca by SSA412 (Fig. 3F ), while it completely abolished isoproterenol-induced enhancement of I Ca ( Fig. 3D & E) . These results further confirm that the cAMP/PKA pathway is not involved in the SSA412-evoked activation of LTCC. We further tested whether Ca 2+ ion itself would affect the crosstalk between activation of NKA and LTCC. In the absence of Ca 2+ (using 1 mM BaCl 2 as the extracellular charge carrier), binding of SSA412 to NKA still increased LTCC activity 72 ± 12% as shown in Fig. 3C , suggesting that activation of NKA-induced signaling pathway is independent of intracellular Ca 2+ .
Role of Src and Erk1/2 in Crosstalk between NKA and LTCC. It has been reported that tyrosine kinase Src binds to partially inhibited NKA in the presence of ouabain (Tian et al., 2006) . We next investigated whether Src plays a functional role in the crosstalk between activation of NKA and LTCC.
This article has not been copyedited and formatted. The final version may differ from this version. Remarkably, a specific Src inhibitor (Dubuis et al., 2006 ) PP1 (10 μM) largely abolished the SSA412-induced increase in I Ca (Fig. 4A) . Furthermore, inhibition of Erk1/2 MAPK signaling pathway by 20 μM PD98059 (Takahashi et al., 2004 ) also blocked the increase in SSA412-mediated LTCC (Fig. 4B ). To ensure that the concentration of each inhibitor used for the experiments would not cause any nonspecific effect on NKA, PP1 and PD98059 were incubated separately with purified rat cardiac NKA under the same experimental concentrations. No inhibitory effect of 10 μM PP1 or 20 μM PD98059 on NKA activity was detected (Fig. 4C) . Both Src and Erk1/2 were activated as evidenced by their increased phosphorylation in response to the SSA412 treatment (Fig. 4D) . Moreover, inhibition of Src with PP1
largely inhibited SSA412-induced activation of Erk1/2 (Fig. 4D) , suggesting the signaling pathway underlying NKA-mediated LTCC activation involves sequentially NKA, Src, Erk1/2, and LTCC. catalytic activity as we reported previously (Xu, 2005) , but also initiates signaling property of NKA leading to the positive regulation of LTCC function. Heat-denatured SSA412 caused no increase in I Ca (Fig. 1D) , indicating that SSA412 binding to the activation site of NKA and activating of the enzyme are essential controls for the activation of NKA-enhanced LTCC activity (Fig.1) . Western blots reveal that SSA412 recognizes NKA but not subunits of LTCC (Fig. 1F & G) , demonstrating that activation of NKA-induced enhancement of I Ca is not a direct effect of SSA412 on LTCC. The results of whole-cell patch clamp uncovered a remarkable action that activation of NKA, induced by activator SSA412 (Xu, 2005) , influences the entire population of LTCC function on an isolated rat myocyte (Fig. 1) (Endo et al., 1970; Fabiato and Fabiato, 1979; Sham et al., 1995; Wier, 1990) .
Ryanodine (10 μM) blocks RyRs mediated SR Ca 2+ release and CICR in either condition with or without SSA412. Our results reveal that denatured SSA412 does not affect I Ca (Fig. 1D ) and that no increase of I Ca was detected in the presence of ryanodine prior to the administration of SSA412 (Fig. 2C ) in isolated cardiac myocytes under our experimental conditions. These data suggest that a spontaneous Ca 2+ release from SR (Fig. 2B, F , & G) is likely to be triggered with the increase of LTCC I Ca -induced by SSA412
( Fig. 2A & E) and is consistent with the well-established CICR principle.
LTCC is the predominant ion channel in the heart and plays an essential role in cardiac excitation and contraction. It has been demonstrated that phosphorylation of the intracellular domain of the cardiac LTCC is the critical mechanism for modulating its current. We have identified that α 1 Ser 1928 of LTCC is phosphorylated in response to the activation of NKA. This experimental result provides direct evidence to This article has not been copyedited and formatted. The final version may differ from this version. In cardiac myocytes, Activation of NKA might result in a small change of the membrane potential.
However, hyperpolarization of the cell usually has dual effect on the Ca flux via LTCC channels. On one hand, shifting of the membrane potential to the more negative values may decreases open probability of the LTCC; on the other hand, hyperpolarization increases driving force for Ca ions thus potentiating Ca flux. Under the physiological conditions, hyperpolarization induced by NKA activation in cardiac mycytes may be counteracted by activation of the hyperpolarization-activated cyclic nucleotide-gated (HCN) channels (Arinsburg et al., 2006) . Interestingly, activation of the cardiac HCN is potentiated by Src, which is also involved in activation of NKA-mediated signaling (Fig. 4) . Considering all above, This article has not been copyedited and formatted. The final version may differ from this version. (Berridge, 1993; Bers, 2002; Bers and Perez-Reyes, 1999; Cheng et al., 1993; Clapham, 1995) . We have previously reported that activation of NKA induces positive inotropy in both isolated rat myocytes in vitro and in mouse heart in vivo (Xu, 2005; Xu et al., 2006 (Xu et al., 2006) . Moreover, the NCX current as measured by slow voltage ramp pulses (Hobai et al., 1997) Xie and Askari have demonstrated that partial inhibition of NKA by digitalis induces signaling transduction process between enzyme and signaling proteins (Mohammadi et al., 2001; Tian et al., 2006; Xie and Askari, 2002) . Interestingly, our experimental results also show that activation of NKA activates both Src and Erk1/2 (Fig. 4D) , suggesting that NKA may be able to act as a signaling transducer under either activation or inhibition condition. Both the Src inhibitor PP1 and the Erk1/2 inhibitor PD98059 significantly inhibited SSA412-enhanced I Ca (Fig. 4A & B) , indicating that Src and Erk1/2 are required for and essentially involved in the molecular communication of NKA and LTCC. Furthermore, inactivation of Src by PP1 largely inhibited SSA412-induced activation of Erk1/2, suggesting that ERK1/2 activation is mediated by Src activation. Dubuis et al have reported that Src has multiple binding sites on the α1c subunit of LTCC (Dubuis et al., 2006) . Because the Erk1/2 inhibitor PD98059 significantly abolished the activation of NKA-enhanced LTCC current (Fig. 4B) , it is unlikely that Src would directly phosphorylate LTCC in the presence of SSA412, but may do so through activation of Erk1/2 (Fig. 4E) . We anticipate that more signaling proteins may be participated in the molecular communication between activation of NKA and LTCC. It is noteworthy that Src and Erk1/2 also participate in the ouabain-induced signaling pathway (Xie and Askari, 2002) , implying that activation and inhibition of NKA may share some of the similar signaling proteins in the NKA-initiated signaling transduction pathways to regulate different cellular mechanisms for Ca 2+ signaling. Grand et al reported that low concentration (<10 -7 M) of ouabain stimulates LTCC currents in guinea pig cardiac myocytes (Le Grand et al., 1990) , suggesting that ouabain may have a dual effect that attributes to different mechanisms depending on its different concentrations. More detailed investigations will help to better understand SSA412 and ouabain shared properties in inducing signaling cascades through NKA.
The binding of SSA412 to NKA enhances I Ca when Ba 2+ was used as the charge carrier (Fig. 3C) , this
indicates that activation of NKA-initiated protein signaling pathway is Ca 2+ -independent. In contrast, the ouabain-induced PKC translocation and ERK1/2 activation are dependent on the presence of Ca
2+
This article has not been copyedited and formatted. The final version may differ from this version. (Mohammadi et al., 2001 ). This suggests a distinct difference in principle between inhibition and activation of NKA modulated molecular signaling processes. Since the activation of PKC, CaM and 
